has centred around the underlying mechanism of ventricular tachycardias. The re-entry theory has been put forward by many workers, and Wellens, Schuilenburg, and Durrer (I972) demonstrated, in 5 patients with ventricular tachycardia, that an underlying reciprocal mechanism might be the basis for the arrhythmia. They suggested that the reciprocal circuit could lie either in the bundle-branches, Purkinje fibres with or without adjacent myocardium, infarcted or fibrotic tissue, or combinations of these. Using programmed electrical stimulation of the heart in association with intracardiac recordings we have studied 4 patients with ventricular tachycardia in whom evidence was obtained from the study that the underlying mechanism for the arrhythmia was most likely to be caused by re-entry.
We also present additional information from these studies which suggests that the reciprocal circuit may be in the main intraventricular bundie-branch Received 27 April 1973. system, and based on these findings we decided on a new surgical approach to the management of this arrhythmia. Table i illustrates the relevant clinical details concerning the 4 patients.
Patients and methods
All 4 patients were admitted while in ventricular tachycardia; Cases i and 4 were in cardiogenic shock on admission. The details of the electrocardiograms obtained during tachycardia are shown in Table 2 .
All 4 patients underwent emergency cardiac catheterization with left ventricular angiography and coronary arteriography. In addition, an electrophysiological study was carried out to determine the site and mechanism of the tachycardia. Cases I, 3, and 4 were referred for emergency open heart surgery. Case i underwent mitral valve replacement and resection of an inferior left ventricular aneurysm. She succumbed at operation. Case 3 underwent resection of a large anterior left ventricular aneurysm and section of the anterior radiation of the left bundle-branch (see discussion). Normal sinus rhythm was restored but an adequate cardiac output could not be maintained off cardiopulmonary bypass, and she succumbed. Case 4 underwent mitral valve replacement, a saphenous vein bypass graft to the anterior descending coronary artery, and section of the anterior radiation of the left bundle-branch. He is alive and well and has had no further tachycardias six months after operation (at the time of writing).
Case 2 was treated initially with intravenous lignocaine and his tachycardia controlled. He has had no further attacks of tachycardia six months later (at the time of writing). Ventricular tachycardia studied by electrical stimulation of the heart IOIS 
Results

Case I
The initiation of the tachycardia in this patient is illustrated in Fig. i Fig. 2 . The tachycardia has a cycle length of 420 msec. The third beat is a right ventricular premature beat occurring 270 msec after the preceding beat. The interval enclosing this premature beat is 270 + 540 = 81o msec, which is less than twice the basic cycle length of the tachycardia (2 x 420 = 840) so that it is less than compensatory. A tracing obtained from Case i showing the termination of the tachycardia is shown in Fig. 3 . The first three beats of the tracing are the last three beats of the tachycardia. Beats 4 and 5 are stimulated right ventricular premature beats occurring at coupling times of 335 and 225 msec, respectively. These two premature beats terminate the tachycardia and the sixth beat is a sinus beat.
A further record showing another effect of interpolated ventricular premature beats during tachycardia is shown in Fig. 4 . The first three beats show a pattern of right bundle-branch block and left anterior hemiblock and a cycle length of 415 msec. Beats 4 and 5 are right ventricular premature beats and following these premature beats the QRS configuration changes to that of right bundlebranch block and left posterior hemiblock. The cycle length is now shorter at 360 msec. A diagram of the possible reciprocal circuit occurring in the bundlebranches is shown below the appropriate QRS complexes in Fig. 4 Fig. 8 . In Fig. 6 there is a ventricular tachycardia with a cycle length of 300 msec and the pattem of right bundle-branch block and left anterior hemiblock; the QRS width is I30 msec. The diagram underneath indicates the reciprocal circuit thought to be involved with antegrade conduction occurring by way of the posterior division of the left bundle and retrograde conduction by way of the anterior division. In Fig. 7 the QRS width has increased to I45 msec, and an S wave is beginning to appear in lead I indicating that the frontal plane QRS axis is swinging to the right; the cycle length is unchanged. In Fig. 8 Cranefield, Klein, and Hoffman (I97I) showed that depressed conduction velocity in excised bundles of canine Purkinje fibres could lead to the development of re-entry within these short segments. Sasyniuk and Mendez (I97I) demonstrated in the isolated canine papillary muscle that premature stimulation could lead to single or double reentry in the terminal Purkinje fibres. Re-entrant activity leading to isolated ventricular extrasystoles or sustained ventricular tachycardia following premature stimulation of the atria was shown by Wallace and Mignone (I966) in the intact hearts of open chested dogs after cooling of a focal area of ventricle. Similarly, Han, Goel, and Hanson (I970) described single re-entrant beats and a re-entrant ventricular tachycardia in the ischaemic dog heart and showed that an essential part of this mechanism HBE-IS group.bmj.com on June 25, 2017 -Published by http://heart.bmj.com/ Downloaded from was the slowing of conduction within the ischaemic area after premature ventricular stimulation, thereby allowing recovery of adjacent non-ischaemic myocardium in time for it to be re-excited. This slowing of conduction within an ischaemic area leading to re-entry has also been shown in the human heart at open heart surgery (Cox et al., I969) .
In the study of supraventricular tachycardia three criteria have been used in support of a reciprocal mechanism as the basis for the tachycardia (Wellens, I97I) . First, the tachycardia can be initiated by a suitably timed atrial or ventricular premature beat. Secondly, induced premature beats during tachycardia are followed by pauses less than compensatory, and, thirdly, the tachycardia can be terminated by suitably timed atrial or ventricular premature beats. In the dog heart the initiation of a re-entry ventricular tachycardia by a single ventricular premature beat has been described by Han et al. (I970) . Wellens et al. (1972) showed that five patients with paroxysmal ventricular tachycardia also fulfilled the three criteria described above which he had applied to the diagnosis of a re-entry mechanism in supraventricular tachycardia; and he therefore considered that a re-entry or reciprocal mechanism was likely to be responsible for the ventricular tachycardia in these five patients. He postulated four different sites in the ventricles where the re-entry circuit could occur.
In each of the four patients with ventricular tachycardia described in this paper, the tachycardia was initiated by a suitably timed ventricular premature beat; ventricular premature beats induced during tachycardia were followed by pauses less than compensatory, and in Cases I, 3, and 4 the tachycardia could be terminated by suitably timed ventricular premature beats. This response to induced ventricular premature beats is most easily explained on the basis of a re-entry mechanism causing the ventricular tachycardia. Further evidence for this is illustrated in Cases I, 2, and 4 by the long intervals between the ventricular premature beat initiating the tachycardia and the first ventricular beat ofthe tachycardia. These intervals are longer than the cycle lengths of the tachycardias and indicate prolonged conduction times during the initiation of the tachycardias, one other criteria necessary for re-entry to occur (Han et al., I970) .
Figures 4, 5, and 9 were obtained during tachycardia and show gross changes in QRS configuration as a result of inducing right ventricular premature beats; the cycle length of the tachycardia before and after the premature beats also changes. If the reentry circuit was in the terminal Purkinje system then the re-entry circuit would be small and any changes in direction of the circulating impulse would be unlikely to produce a significant change in QRS configuration on the surface electrocardiogram, because the activation process of the ventricle would probably be very similar from a re-entry circuit confined to the terminal Purkinje fibres irrespective of the direction of the circulating impulse within this circuit. If the terminal Purkinje fibres were responsible for the re-entry mechanism, then a gross change in QRS configuration as a result of ventricular premature stimulation during tachycardia could only be explained on the basis of a completely new re-entry circuit coming into action in the ventricles some distance from the first site. If the re-entry circuit lies in the main bundle-branch system, however, rather than the terminal Purkinje system then a change in direction of the circulating impulse with or without a change in the bundlebranches involved would be expected to produce a gross change in the QRS configuration on the surface electrocardiogram as the activation process of the ventricle would be radically changed. This possibility is illustrated in the diagram of the reentry circuits within the bundle-branches shown below the appropriate QRS complexes in Figs 4, 5, and 9.
Retrograde conduction in a bundle-branch cañ~~~~~~~~~~~~~. occur and has been shown in the dog heart by Moe, Mendez, and Han (1965) . The clinical counterpart of this has been reported by Wellens and Durrer (i968 On the basis that an impulse can travel retrogradely in one bundle-branch and activate another bundle-branch via the bundle of His we postulate that the gross changes in QRS morphology produced by ventricular premature beats in the patients described in this paper are best explained on the basis of a re-entry mechanism within the main bundle-branches rather than the terminal Purkinje system.
In Case 3 a large swing to the right in the mean frontal plane QRS axis occurred after the administration of lignocaine. It is unlikely that this represents a change in the reciprocal circuit, and we think it is due to increasing delay in the spread of activation through the ordinary myocardium, the reciprocation continuing unaltered in the main bundlebranch system both before and during termination of the tachycardia with lignocaine. Bekheit et al.
(I973) have shown that clinically lignocaine has little effect on conduction times in the His Purkinje system as shown by constant His to onset of ventricular (HV) activation times before and after the administration of lignocaine.
If the main bundle-branches are involved in the manner described, then interruption of any part of the re-entry circuit should terminate the tachycardia. Cases 3 and 4 both had drug resistant tachycardias recurring shortly after numerous conversions to sinus rhythm by DC shock. Both patients required emergency operation in an attempt to improve their haemodynamic state. Case 3 required resection of a left ventricular aneurysm and Case 4 a mitral valve replacement and saphenous vein bypass graft. From Fig. 9 and IO, illustrating the re-entry circuit thought to be involved in the tachycardia, it will be seen that in both patients the anterior division of the left bundle formed the antegrade part of the circuit. It was, therefore, decided to attempt to interrupt the anterior radiation of the left bundle during open heart surgery in these two patients, and a i-5 cm long incision was made in the septum in the region of the anterior radiation of the left bundle in each patient. A surface electrocardiogram obtained from Case 3 during operation is shown in Fig. ii (Thind, Blakemore, and Zinsser, I97i) and it may be that a re-entry circuit exists in the region of the aneurysm. This does not preclude the re-entry circuit occurring in the main bundle-branches, as the presence of an aneurysm may lead to distortion of the bundlebranch system to a degree sufficient to allow abnormal conduction and re-entry to occur.
